Initial Recognition of a Cellodextrin Chain in the Cellulose-Binding Tunnel May Affect Cellobiohydrolase Directional Specificity  by GhattyVenkataKrishna, Pavan K. et al.
904 Biophysical Journal Volume 104 February 2013 904–912Initial Recognition of a Cellodextrin Chain in the Cellulose-Binding Tunnel
May Affect Cellobiohydrolase Directional SpecificityPavan K. GhattyVenkataKrishna,†‡ Emal M. Alekozai,§{ Gregg T. Beckham,k** Roland Schulz,{‡‡
Michael F. Crowley,‡††* Edward C. Uberbacher,†‡* and Xiaolin Cheng‡{‡‡*
†Computational Biology and Bioinformatics Group and ‡BioEnergy Science Center, Oak Ridge National Laboratory, Oak Ridge, Tennessee;
§Interdisciplinary Center for Scientific Computing, University of Heidelberg, Heidelberg Germany; {UT/ORNL Center for Molecular Biophysics,
Oak Ridge National Laboratory, Oak Ridge, Tennessee; kNational Bioenergy Center, National Renewable Energy Laboratory, Golden,
Colorado; **Department of Chemical Engineering, Colorado School of Mines, Golden, Colorado; ††Biosciences Center, National Renewable
Energy Laboratory, Golden, Colorado; and ‡‡Department of Biochemistry and Cellular and Molecular Biology, University of Tennessee,
Knoxville, TennesseeABSTRACT Cellobiohydrolases processively hydrolyze glycosidic linkages in individual polymer chains of cellulose microfi-
brils, and typically exhibit specificity for either the reducing or nonreducing end of cellulose. Here, we conduct molecular
dynamics simulations and free energy calculations to examine the initial binding of a cellulose chain into the catalytic tunnel
of the reducing-end-specific Family 7 cellobiohydrolase (Cel7A) from Hypocrea jecorina. In unrestrained simulations, the cellu-
lose diffuses into the tunnel from the 7 to the 5 positions, and the associated free energy profiles exhibit no barriers for initial
processivity. The comparison of the free energy profiles for different cellulose chain orientations show a thermodynamic prefer-
ence for the reducing end, suggesting that the preferential initial binding may affect the directional specificity of the enzyme by
impeding nonproductive (nonreducing end) binding. Finally, the Trp-40 at the tunnel entrance is shown with free energy calcu-
lations to have a significant effect on initial chain complexation in Cel7A.INTRODUCTIONNature has evolved cocktails of glycoside hydrolase
(GH) enzymes to degrade plant cell walls. The primary
components of many GH cocktails for plant cell wall decon-
struction are cellulases, which degrade cellulose by hydro-
lyzing b-1,4-glycosidic bonds through either inverting or
retaining acid hydrolysis mechanisms (1,2). The primary
components of cellulase cocktails are typically processive
enzymes, or cellobiohydrolases (CBHs), which are able to
hydrolyze successive units of a cellulose chain before disso-
ciation from the cellulose microfibril or before encountering
an obstacle on the cellulose surface (3–5). CBHs typically
are thought to bind via two modes, either exo-mode wherein
they thread a chain from one end of the polymer or endo-
mode where a chain is likely acquired in most or all of the
subsites via putative loop motions (6–8). It has been shown
that CBHs from a given GH family typically exhibit direc-
tionality in their processive motion (3,4,9,10). The direc-
tional preference is primarily thought to arise from the
structural arrangement of the enzyme active site (11), and
many GH structures have been solved with ligands in the
active site that confirm a given directional preference for
a specific GH family (11–14). In addition to the active
site, other factors may also contribute to the directional
specificity of a given cellulase enzyme, such as a preferential
binding of the carbohydrate-binding module to celluloseSubmitted September 11, 2012, and accepted for publication December 27,
2012.
*Correspondence: michael.crowley@nrel.gov or uberbacherec@ornl.gov
or chengx@ornl.gov
Editor: Michael Feig.
 2013 by the Biophysical Society
0006-3495/13/02/0904/9 $2.00and initial recognition of a specific cellulose chain end via
the CD of the enzyme.
From crystal structures, most CBHs exhibit aromatic resi-
dues at the entrance of the active site tunnel (15–17).
Previous mutagenesis and enzyme kinetic experiments
demonstrated that mutation of tryptophan residues at the
tunnel entrance of the Family 6 and Family 7 CBHs from
Hypocrea jecorina, Cel6A and Cel7A, respectively, reduces
the enzyme activity on crystalline cellulose, but not on
amorphous substrates (18,19). Recently, high-speed atomic
force microscopy (HS-AFM) experiments by Igarashi et al.
(3) provided direct evidence that no obvious movement was
observed for the W40A mutant on crystalline cellulose,
suggesting the initial binding of a cellulose chain into the
active site tunnel is important for enzymatic function. By
monitoring the rate of initial-cut product generation,
another recent experimental study suggested that the
rate of Trichoderma longibrachiatum cellobiohydrolase I
(Tl-Cel7A) catalyzed hydrolysis of bacterial microcrystal-
line cellulose is limited by the rate of enzyme complexation
with cellulose chains, which implies that the initial binding
step could be key in determining the enzymatic turnover rate
(20). Even so, it remains unclear whether the initial binding
of the substrate via exo-initiation to the active site tunnel
occurs in a specific direction, thereby creating a directional
preference for the enzyme’s processive motion on crystal-
line cellulose.
The GH Family 7 CBH from H. jecorina, Cel7A, is of
particular importance because it is the most abundant
protein in the H. jecorina secretome by mass, and thus
also typically the largest enzyme component of industrialhttp://dx.doi.org/10.1016/j.bpj.2012.12.052
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the hydrolysis of cellulose into cellobiose from the reducing
end of a cellulose chain (16). H. jecorina Cel7A consists of
a Family 1 carbohydrate binding module (CBM) (22) and
GH Family 7 CD connected by a flexible, glycosylated
linker peptide (14,16,23,24). The CD contains a ~50 A˚
long catalytic tunnel into which a single cellulose chain is
threaded, cleaving one cellobiose unit per catalytic event
(12,16). There are at least 10 binding sites in Cel7A from
the 7 site at the tunnel entrance to the þ3 site at the tunnel
exit (12). Family 7 GHs generally employ a two-step retain-
ing hydrolysis reaction to cleave glycosidic bonds between
the 1 and þ1 subsites via a catalytic triad of residues
(15,25,26). In the case of H. jecorina Cel7A, Glu-217 is
the catalytic acid and base and Glu-212 is the nucleophile
that forms the enzyme-glycosyl intermediate. Asp-214
forms a stabilizing interaction with the nucleophile via
a side-chain hydrogen bond. Once adsorbed to the cellulose
surface, Cel7A is hypothesized to undergo a series of ele-
mentary steps including (3,19,20,27,28): 1), recognition of
the reducing end of a cellulose chain; 2), initial threading
of the cellulose chain into the catalytic tunnel; 3), formation
of the catalytically active complex; 4), cleavage of the
glycosidic bond via a two-step retaining mechanism; and
5), product release and threading of another cellobiose
unit. The process repeats until the enzyme dissociates,
gets stuck, or reaches the end of the cellulose chain
(3,4,6,28).
Computer modeling is an important tool for under-
standing cellulase action due to the difficulty in experi-
mentally studying individual steps in isolation (29).
Computational approaches have been widely applied to
study various aspects of cellulose hydrolysis, such as the
binding of CBM onto the cellulose surface (30–33), hydro-
lysis of the b-1,4-glycosidic bond (34,35), modularity of the
cellulase (36,37), and product expulsion (38,39). However,
the initial threading of a single cellulose chain into the cata-
lytic tunnel has not been studied computationally to date. In
this work, we performed molecular dynamics (MD) simula-
tions to characterize the dynamics of initial binding of
a single cellulose chain into the catalytic tunnel of Cel7A
from surrounding solutions. Specifically, here we address
how the free cellulose chain end is recognized at the
entrance of the catalytic tunnel and whether there is a direc-
tional preference for the initial binding of the cellulose to
the catalytic tunnel.
To investigate these questions, we performed multiple
unrestrained MD simulations of the Cel7A CD and a single
cellodextrin chain of nine glucose molecules. In these simu-
lations, the cellodextrin chain spontaneously diffuses into
the catalytic tunnel by a cellobiose unit (~10 A˚), indepen-
dent of the initial orientation of the cellulose chain. We
subsequently performed umbrella sampling simulations to
determine the free energy profiles for the binding of the
cellulose chain in four orientations at the entrance ofthe catalytic tunnel, which covers initial 20 A˚ distance of
the threading pathway, with 10 A˚ outside and the other
10 A˚ inside the tunnel. The free energy results suggest
that the free energy landscape is flat for the initial processiv-
ity from positions 7 to 5, and that the chain is thermody-
namically more stable at the5 position. The comparison of
the free energy profiles for the wild-type and the W40A
mutant indicates that W40 stabilizes the initial complexa-
tion by ~3 kcal/mol, and thus may play a role in facilitating
the processive action of Cel7A. Interestingly, the free energy
profiles also show a clear difference for the binding at the
5 position between the reducing end and the nonreducing
end, suggesting that the catalytic tunnel is able to preferen-
tially bind the reducing end of a cellulose chain.MATERIALS AND METHODS
The first set of equilibrium MD simulations were performed on H. jecorina
Cel7A in complex with a cellodextrin nanomer chain (reducing end-Glc-1-
Glc-2-Glc-3-Glc-4-Glc-5-Glc-6-Glc-7-Glc-8-Glc-9-nonreducing end) placed
at five different positions—namely with Glc-1 in the 7, 5, 3, 1, þ2
binding sites of the cellulase. The crystal structure of Cel7A in complex
with a modeled cellulose oligomer (PDB code: 8CEL) was used as the start-
ing structure (12), which is referred to as the þ2 position, and the complex
structures in the1,3,5, and7 positions were constructed by sequen-
tially translating the cellulose chain out of the protein tunnel by two glucose
units. The protonation states of the titratable residues were determined by
a combined pKa calculation using the Karlsberg webserver (http://
agknapp.chemie.fu-berlin.de/karlsberg/) and manually checking for local
hydrogen bonding residues. Two independent simulations were performed
for each of the previous five systems. The second set of unrestrained simu-
lations were performed on the CD of Cel7A with the cellulose chain all
started from the 7 position (the chain end glucose unit stacks against
Trp-40) but in four different orientations, namely the original A orientation,
the B orientation: rotated 180 from A orientation around the tunnel axis
and with the a face of the Glc-1 ring stacked against Trp-40, the C orien-
tation: with the nonreducing end facing the tunnel entrance and the
b face of Glc-9 stacked against Trp-40, and the D orientation: rotated
180 from C orientation around the tunnel axis and with the a face of
Glc-9 stacked against Trp-40. Ten independent simulations were conducted
for each of the previous four orientations.
After the protein-cellulose complex structures were built, they were
solvated with TIP3P water molecules with a minimum of 15 A˚ water on
each side of a cubic box. Charge neutralization was accomplished with
the addition of Naþ and Cl ions, resulting in a 0.1 M solution. This re-
sulted in simulations ranging from 58,000 atoms (when the chain is fully
threaded; Glc-1 at position þ2) to 84,000 atoms (when the chain is
completely outside the tunnel; Glc-1 at position 7). The solvated system
underwent four equilibration steps: i), 2,000 steps of minimization with
a fixed protein backbone, ii), five cycles of a 500-step minimization with
decreasing positional restraints on the protein Ca atoms, iii), gradual
temperature increase from 50 to 300 K in 10,000 steps of constant-volume
MD simulation with harmonic restraints (with a force constant of 3 kcal
mol1A˚2) on the protein Ca atoms, and iv), 2 ns equilibration with
decreasing positional restraints on the Ca atoms. All the MD simulations
were performed with the NAMD 2.7 program (40) and the CHARMM27
force field (41) (with the backbone CMAP correction (42)) for the protein
and the C35 carbohydrate force field (43) for the cellulose chain. A short-
range cutoff of 9 A˚ was used for nonbonded interactions, and long-range
electrostatic interactions were treated with the particle mesh Ewald method
(44) with a grid spacing of 1.0 A˚. Langevin dynamics and a Langevin piston
algorithm were used to maintain the temperature at 300 K and a pressure ofBiophysical Journal 104(4) 904–912
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steps of 2 fs for bonded, 2 fs for short-range nonbonded, and 4 fs for
long-range electrostatic forces (45). The bonds between hydrogen and
heavy atoms were constrained with the SHAKE algorithm (46).
Umbrella sampling simulations were performed to compute the potential
of mean force (PMF) for the cellulose chain to enter the catalytic tunnel.
Before the free energy simulations, the protein tunnel axis, which is defined
as the line joining the C4 atoms of the two end glucose rings in the 8CEL
structure (12), was aligned with the x axis. The displacement of the center of
mass of the first reducing or nonreducing end pyranose ring (Glc-1 in A and
B orientations, Glc-9 in C and D orientations) along the tunnel axis was
chosen as the reaction coordinate. The simulations were conducted with
21 windows with a uniform spacing of 1 A˚, which covers 10 A˚ outside
and the other 10 A˚ inside the tunnel, namely from 10 A˚ outside the tunnel
to 5 position. The 10 A˚ outside the tunnel position was created by trans-
lating the cellulose chain out by 10 A˚ from the7 position along the tunnel
axis. The initial configurations were generated by interpolating the x posi-
tions of the cellulose chain to the corresponding target window positions
based on the 7 and 5 position structures. In each simulation, the x-coor-
dinate of the center of mass of the heavy atoms of the first glucose ring next
to the tunnel entrance (Glc-1 in A and B orientations, Glc-9 in C and D
orientations) was subject to a harmonic positional restraint with a spring
constant of 5 kcal,mol1A˚2. A flat-bottomed restraint u(y, z) with
R¼ 8 A˚was applied to the center of mass of the first glucose ring to prevent
the cellulose chain from drifting laterally from the tunnel axis. The flat-
bottomed restraint does not affect the cellulose inside the tunnel, and it
was shown to only affect the overall offset of the resultant free energy
profile in the tunnel region, but not its shape. In all the simulations,
harmonic restraints (with force constant of 3 kcal,mol1,A˚2) were
applied to five selected protein alpha carbon atoms (Leu-14, Ile-203,
Ala-224, Val-393, and Phe-423) to prevent the translational and rotational
motions of the protein. These restraints are not coupled to the reaction
coordinate through common atoms so we assume that they have no direct
influence on the PMF calculation. For each window, after 2 ns of equilibra-
tion, 4 ns of simulation data were collected for analysis with the weighted
histogram analysis method (47) to generate the PMF. Overall, four sets of
umbrella sampling simulations were performed on the cellulase-cellulose
complex with the cellulose chain in four different A, B, C, and D orienta-
tions. The fifth set of umbrella sampling simulations was performed on
a W40A mutant with the cellulose chain in the A orientation. To test for
convergence of the umbrella simulations, the data were split into four
blocks, and then for each block a PMF was computed. Comparison of the
PMFs from different blocks yields an average standard deviation
<0.8 kcal mol1, suggesting convergence of the simulations. The standard
deviation of the four PMFs was used as an estimate of the statistical errors
of the computed PMFs.
To examine the structure of the hydration water, the proximal distribution
function gprox(r) is given by (48):
gprox ¼ hni
AðrÞDrrbulk
;
where hni is the average number of water oxygen atoms found at a distance
[r, r þ Dr] from a nonhydrogen atom on the surface of the cellulose
(Dr ¼ 0.1 A˚), A(r) is the solvent-accessible surface area of the cellulose
calculated with a probe radius of r, and rbulk ¼ 0.0327 A˚3 is the bulk
number densities of the TIP3P water model determined from pure water
simulations at 300 K. The hydration shell water is defined by a 4.3 A˚
distance cutoff between water oxygen atoms and any nonhydrogen cellu-
lose atoms of the first three glucose residues, where this cutoff distance
was determined as the minimum in the proximal distribution function.
The entropies of hydration waters around the cellulose were calculated
with the two-phase thermodynamic (2PT) model (49,50), which partitions
the translational and rotational density of states of water molecules g(u)
into gas-like, gg(u), and solid-like, gs(u) components:Biophysical Journal 104(4) 904–912gðuÞ ¼ ggðuÞ þ gsðuÞ ¼ 2
kBT
lim
t/N
Zt
t
CðtÞeiwtdt;
where g(u) is the Fourier transform of the velocity-autocorrelation function
(VACF) C(t). C(t) can be split into the mass weighted VACF of the center
of mass velocities and the moment of inertia weighted angular VACF.
The translational (ST) and rotational (SR) entropies of water can be calcu-
lated by assigning the appropriate weight, l, to the gas- and solid-like
components:
S ¼ 1
2p
ZN
0
ggðuÞlgðuÞ þ 1
2p
ZN
0
gsðuÞ lsðuÞ:
The decomposition of g(u) and the derivation of the weighting functions
lg and ls have followed the exact procedure described previously (51). C(t)
for the hydration-shell water molecules was determined from five sets of
20 ps cellulose-Cel7A simulations, with five simulations for each of the
A, B, C, and D and W40A configurations, from which velocities and coor-
dinates were saved every 1 fs. Error bars in entropy values were estimated
as standard deviations with the five 20 ps trajectories of each configuration.RESULTS AND DISCUSSION
We divided the entire threading process into five stages, and
simulated a single cellodextrin chain at five different loca-
tions, named 7, 5, 3, 1, and þ2 as defined by the
position of the first reducing end glucosyl moiety (Glc-1)
relative to the catalytic residues. For each of the five binding
positions, two independent MD simulations are started and
run for a time duration of 20-30 ns. For clarity, the nine
glucose rings are identified as Glc-1 to Glc-9 with Glc-1
at the reducing end and Glc-9 at the nonreducing end of
the cellulose chain. The displacements of the center of
Glc-1 are plotted in Fig. 1 for the simulations at the five
binding positions. The cellulose chain undergoes significant
movement in the position 7 simulation as indicated by the
broadly distributed positions of Glc-1 (green dots) during
the simulation, whereas no processive motion is observed
in the simulations at any other four positions (also in
Fig. S2 in the Supporting Material). The large-scale
displacement at position 7 corresponds to a spontaneous
movement from the 7 site to the 5 site. Ten additional
MD trajectories (each ~20 ns long) were run, which resulted
in five spontaneous diffusion events wherein the reducing
end of the cellulose chain moves into the tunnel by an
average distance of 7.1 A˚. Further diffusion inside the tunnel
was not observed in any trajectories.
In two of the 12 simulations from position 7, the cellu-
lose chain binds to the 5 position. The first three glucose
monomers Glc-1-Glc-3 overlap with those at position 5
(and equivalently the Glc-7-Glc-9 in the crystal structure
8CEL) (12) with a root mean-square deviation of 0.6 A˚
(Fig. 2 a) and 1.7 A˚ in the two simulations (Fig. S3). The
protein shows no large-scale motions during the 7 to 5
transitions, the average backbone root mean-square
FIGURE 1 The movement of the cellulose chain inside the cellulase
tunnel. Trp-40 marks the entrance of the tunnel and Asp-214 is one of
the residues in the catalytic triad. Dotted lines roughly denote the contours
of the catalytic tunnel. The distributions of the center of mass of the first
glucose monomer (Glc-1) are plotted for the five sets of simulations started
from positions 7 (green), 5 (orange), 3 (red), 1 (blue), and þ2
(black), respectively.
FIGURE 2 (a) The final snapshot from the simulation showing that the
cellulose chain (licorice in red and green) moves by two glucose units
and overlays with that in the 5 position binding structure (licorice in
orange); other nearby residues are labeled and shown in surface represen-
tation; (b) Hydrogen bond distances between Asn-49 and the first (Glc-1),
second (Glc-2), and third (Glc-3) glucosyl moieties of the cellulose chain as
a function of time during the simulation; (c) Hydrogen bond distances
between Glc-1 and Gln-7, Gln-101, and Lys-181 as a function of time
during the simulation.
Initial Binding of Cellulose to Cellulase 907deviation is 1.2 5 0.4 A˚. Among the residues lining the
tunnel, hydrophobic residues are less flexible than polar
residues (Fig. S4). Trp-40, which may play a critical role
in orienting the cellulose substrate in the tunnel and the
active site, exhibits quite small fluctuations while the chain
enters the tunnel. Concerted formation and breaking of
hydrogen bonds are evident between the hydroxyl groups
of cellulose and protein side chains. As shown in Figs. 2,
b and c, Asn-49 successively forms hydrogen bonds with
Glc-1, Glc-2, and Glc-3, whereas Glc-1 hydrogen bonds
with Gln-7, Gln-101, and Lys-181 as the cellulose chain
moves into the tunnel during the first 6 ns. The concerted
hydrogen bond formation and breaking may facilitate the
spontaneous chain diffusion to the 5 position.
The cellulose chain possesses a directional asymmetry
from the reducing end to the nonreducing end. Moreover,
the two sides of the pyranose ring, referred to as face
a (the opposite side from the CH2OH group at C5) and
face b (opposite from a face) may also affect the initial
binding landscape due to different aromatic-carbohydrate
interactions. To investigate if there is any directional and/
or face preference for the initial binding, we conducted 30
additional 20 ns long simulations from position 7 with
the cellulose chain in three other orientations: B, C, and
D, 10 simulations each. The initial orientation based on
the 8CEL structure is referred to as the A orientation, which
has the reducing end leading to the tunnel and the b glucose
face stacking against Trp-40. The B orientation has the
reducing end leading and the a face stacking to Trp-40.
The C and D orientations have the nonreducing end leading,and the b and a faces stacking to Trp-40, respectively. The
simulation results summarized in Fig. S5 show that the
cellulose chain in the three other orientations can also spon-
taneously progress from the 7 to 5 positions, suggesting
no significant barrier for the initial binding process.
We conducted umbrella sampling simulations (52) to
determine free energy (PMF) profiles for the 7 to 5
binding. These simulations were performed on the wild-
type Cel7A enzyme with the cellulose chain in the A, B,
C, and D orientations, and the W40A Cel7A mutant with
the chain in the A orientation. The starting configuration
at reaction coordinate value 10 A˚ had the cellulose chainBiophysical Journal 104(4) 904–912
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0 A˚ in the 7 position, and at 10 A˚ in the 5 position.
The PMF for the initial binding of the cellulose into the
cellulase tunnel in orientation A is 5 kcal/mol downhill
with no significant free energy barriers. The free energy
profile is relatively flat outside the tunnel (Fig. 3 a). A
stabilization of ~2 kcal/mol is observed at position7, indi-
cating the formation of a marginally stable initial enzyme-
substrate complex. More importantly, the cellulose chain
is stabilized by 5 kcal/mol at the 5 position. As the cellu-
lose moves into the tunnel, hydrogen bonds are formed
between the cellulose and the protein, offsetting the loss
of hydrogen bonds between the cellodextrin chain and
water. At position 5, the first three glucose residues
Glc-1-Glc-3 make extensive interactions with charged
and polar residues, including Gln-7, Asn-49, Asp-52,
Gln-101, Asn-103, and Lys-181. When the cellulose
binds in position 5, Glc-3 also appears to stack better
with Trp-40 than the corresponding Glc-1 when the
cellulose binding at position 7, as evidenced by moreFIGURE 3 PMFs of the initial binding of the cellulose chain to the cellu-
lase catalytic tunnel (a) for four different cellulose orientations: A (black
line), B (blue line), C (red line), and D (green line), and (b) in a W40A
mutant (red line) together with the wild-type cellulase (black line). The
picture on the top shows the distance covered in the PMF calculations
and the corresponding 5 and 7 positions.
Biophysical Journal 104(4) 904–912favorable Glc-3/1-Trp-40 vdW interaction for the binding
at position 5 than at the 7 position (5.7 5 2.2 kcal/
mol vs. 3.85 1.6 kcal/mol), indicating a stronger carbo-
hydrate-aromatic enthalpic interaction for the 7 to 5
binding. Note that the entropic contribution to the 7
to 5 transition is not directly considered in the previous
analysis, whereas the entropic contribution of hydration
waters to the binding mechanisms of different cellulose
chain orientations will be further discussed below.
The PMF for orientation B (blue line in Fig. 3 a) exhibits
a similar profile as that for orientation A, except that all the
energy barriers and wells in the former PMF are elevated by
~1 kcal/mol. By computing the average solvent excluded
surface areas for the Trp-40 and Glc-3 pair (45.7 5
1.1 A˚2 for A and 42.15 1.4 A˚2 for B), we observe slightly
improved aromatic-carbohydrate stacking for the b face in
orientation A than the a face in orientation B. We note
that the PMF difference between the A and B binding faces
is only meaningful for the initial stages of the threading
process. Given the twofold screw-axis symmetry of a single
chain in crystalline cellulose I, the PMF for orientation A or
B will converge as the chain in one orientation moves
forward or backward by one glucose unit with respect to
the other. Therefore, the binding of a cellulose chain in
either A or B orientation can be productive. The difference
is that the A binding will lead to an initial cut of cellobiose,
while the B binding will produce glucose or cellotriose.
Compared to the reducing end binding orientations A and
B, the PMFs for the nonreducing end binding in orientations
C (red line) and D (green line) exhibit significant differences
(Fig. 3 a). First, the stabilization at position 7 disappears.
The PMFs for both C and D orientations show a barrier of
2–4 kcal/mol toward the 5 binding site in contrast to
a moderate stabilization of ~4.5 kcal/mol in the PMFs for
the two reducing end binding orientations. To further under-
stand this observation, we defined and calculated three
energy components during the simulation of each orienta-
tion at position 5: 1), the aromatic-carbohydrate stacking
energy, which includes the nonbonded interactions between
the three leading glucosyl rings (Glc-1–3 in A and B, Glc-
7–9 in C and D) and the two tryptophan residues, Trp-40
and Trp-38; 2), the electrostatic energy of the first three
glucose monomers and protein residues excluding Trp-40
and Trp-38; and 3), the vdWenergy, involving all the disper-
sion and steric interactions of the first three glucose mono-
mers with nearby residues except Trp-40 and Trp-38. As
listed in Table 1, all three components favor the reducing
end binding, but to different degrees. The aromatic-carbohy-
drate stacking makes only a small contribution, while both
electrostatic and vdW interactions are 3–4 kcal/mol more
favorable for the reducing end binding. This difference
arises from a slightly altered binding mode at the5 subsite
for the reducing end and the nonreducing end conforma-
tions. The cellulose chain end in the reversed direction
extends slightly off the sliding path of the reducing end
FIGURE 4 Proximal distribution functions of water oxygen atoms at
a distance r from the surface of the first three glucose residues in four simu-
lations of the cellulose in four different A, B, C, and D orientations and one
simulation of the A orientation cellulose in theW40Amutant. The cellulose
binds at subsite 5 in all simulations.
TABLE 1 Binding energy decomposition (in kcal/mol)
at position 5 for four different cellulose orientations
A B C D
Stacking 9.35 0.9 8.35 1.0 8.15 1.0 7.35 0.9
Electrostatic 38.05 4.2 36.65 3.7 34.55 5.3 33.25 6.3
van der Waals 20.15 1.8 21.65 1.9 17.75 1.9 17.45 2.1
Total 67.4 66.5 60.3 57.9
Initial Binding of Cellulose to Cellulase 909conformations (Fig. S6), thereby leading to less favorable
interactions with nearby residues Tyr-51, Asn-103, Val-
104, and Lys-181 on both sides of the sugar ring. This result
suggests that the geometrical asymmetry of the cellulose
chain affects both the geometrical fit and optimal hydrogen
bonding, which results in a preferential reducing end
binding at the5 position. Although the spontaneous nonre-
ducing end binding of a cellulose chain up to the 5 posi-
tion is still possible and has also been observed in
multiple unrestrained simulations, it is likely that the
absence of stabilization at position 5 will not provide
the necessary thermodynamic stabilization needed for de-
crystallizing crystalline cellulose (53).
Water molecules are often observed in protein-carbohy-
drate binding sites, mediating the interaction between the
ligand and protein (54,55). Based on the crystal structure
(8CEL), the catalytic tunnel of Cel7A is very well
hydrated. We identified the crystal water molecules that
are within 3 A˚ of the cellulose chain, shown as red spheres
in Fig. S7. Those crystal waters that were displaced by the
advancing reducing end or nonreducing end cellulose chain
during the simulations are shown as green spheres. It is
evident that there are some differences in the waters that
were displaced when the cellulose entered first with
the reducing or nonreducing end. However, it seems
unlikely that this difference in water displacement can
necessarily account for the differential binding of the
nonreducing versus reducing end cellulose. This is because
all these crystal waters are rather dynamic, and exchanged
with bulk water on ps-ns timescales. Unlike in the case
of concanavalin A (56), no conserved or strongly bound
water was observed in the course of the simulations pre-
sented here.
To quantify the hydration water structures inside the
protein tunnel, we computed the proximal distribution func-
tions gprox(r) for the waters close to the surface of the first
three glucose residues. As shown in Fig. 4, no statistically
significant differences in hydration are found when the
cellulose binds at subsite 5 in four different A, B, C,
and D orientations, indicating that the interaction patterns
of the hydration waters with the reducing end or nonre-
ducing end cellulose chain are similar. We further analyzed
differences in dynamics of the hydration waters in the four
simulations by computing translational and rotational
velocity autocorrelation functions and the associated entro-
pies using a two-phase thermodynamic model (49,50). Aslisted in Table 2, our results show no statistically significant
differences in translational or rotational entropies for the
hydration waters when the cellulose enters first with the
reducing or nonreducing end. Taken together, our calcula-
tions suggest that the initial binding of cellulose to the
cellulase tunnel is not (water) entropically driven but en-
thalpically driven, akin to recent computational results
on the concanavalin A-trimannoside complexes (56). Like-
wise, the origin of the preferential binding of the reducing
end over the nonreducing end cellulose chains does not
seem to arise from those waters at the entrance of the
protein tunnel. Instead, we speculate that the 5 binding
site is pre-organized in such an arrangement that is more
favorable for the recognition of the reducing end. To accom-
modate the cellulose chain in the opposite direction, the
structures of the protein and carbohydrate need to be
slightly distorted (Fig. S6), which leads to less favorable
interaction between the nonreducing end cellulose and the
protein (Table 1).
A previous HS-AFM study suggested the importance of
Trp-40 for the processive movement of Cel7A on crystalline
cellulose (3,18,19). Our unrestrained simulations also indi-
cate the importance of the Trp-40-glucose interaction in
the initial binding. To quantitatively assess the role of
Trp-40 in the initial binding process, we computed the
PMF for the binding of the cellulose chain in orientation
A to the W40A mutant (Fig. 3 b). Compared to the wild-
type PMF, the mutant PMF exhibits broader peaks and
shallower wells in the tunnel entrance region, with the first
minimum at the 7 position increased by 1.5 kcal/mol,
the second minimum at 6 A˚ by 1 kcal/mol and the
third minimum at the 5 position by 3 kcal/mol, indicating
an overall weaker binding for W40A. This provides
potential insight into the thermodynamic origin underlying
the hindered processive movement of W40A on the
crystalline cellulose—the destabilization of the initial en-
counter complex for the mutant due to the absence ofBiophysical Journal 104(4) 904–912
TABLE 2 Comparison of entropies of hydration water in four simulations of cellulose at 300 K in four different orientations (A, B, C,
and D) and one simulation of the orientation A cellulose in the W40A mutant (W40A)
A B C D W40A
Entropy trans TST (kcal/mol) 3.415 0.05 3.415 0.09 3.375 0.07 3.405 0.08 3.515 0.13
Entropy rot TSR (kcal/mol) 0.945 0.01 0.935 0.02 0.915 0.01 0.915 0.00 0.945 0.04
Total TS (kcal/mol) 4.355 0.06 4.245 0.10 4.295 0.08 4.325 0.08 4.455 0.17
The cellulose binds at subsite 5 in all simulations.
910 GhattyVenkataKrishna et al.favorable glucose-aromatic interaction. Previous free
energy calculations have shown that the strength of the
aromatic-carbohydrate interactions varies dramatically de-
pending on the location of the aromatic residues, in the
range ofþ1.3 to9.4 kcal/mol (57). Our calculated binding
energy difference on the order of 3 kcal/mol is comparable
to the contribution of Trp-272 (3.8 kcal/mol) in H. jecorina
Cel6A, which likely plays a similar role as Trp-40 in
H. jecorina Cel7A (18).CONCLUSIONS
In summary, we observe spontaneous diffusion of a cellono-
naose chain from the 7 position to the 5 position in
multiple simulations, with the reducing end facing the
enzyme’s catalytic tunnel entrance (A and B orientations),
which arises from an overall downhill free-energy landscape
for the initial threading process. PMF calculations reveal
a clear difference in the binding of a cellulose chain at
position 5 between the reducing end and the reversed
(C and D) directions, suggesting a potential mechanism
for the recognition of a free cellulose reducing chain end
by Cel7A. The main differences in the PMFs are near
the 5 position. The spatial arrangement, or stereochem-
istry, of the different cellulose chain ends results in different
interaction modes with the tunnel entrance. The binding of
the nonreducing end appears to experience a slight energetic
frustration to initial processivity. Our PMF calculations also
substantiate the importance of Trp-40 in the initial binding
of cellulose to Cel7A. Compared to the wild-type Cel7A,
the W40A mutant exhibits weaker binding at both 5
and 7 positions, which correlate with the observation of
decreased processivity toward crystalline substrates from
recent HS-AFM experiments (3).
Overall, our simulation results suggest that the initial
binding (up to position 5) of the cellulose is largely ther-
modynamically downhill, and in exo-mode initiation, this
may aid in the cellulose ligand binding at the tunnel
entrance. Most CBHs exhibit directional specificity, which
can arise not only from structural arrangement of the
enzyme active site that only allows for catalytic reaction
to occur, or from a preferential binding of CBM on substrate
surfaces, but also from an initial recognition of a specific
cellulose chain end. Although not absolutely required for
Cel7A to achieve its directional processive activity, the
initial recognition of a specific cellodextrin chain end mayBiophysical Journal 104(4) 904–912lead to fewer nonproductive binding events, thus enhancing
the overall hydrolytic efficiency of the enzyme.SUPPORTING MATERIAL
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